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Introduction
Voltammetric measurements are widely used in the speciation studies of systems containing macromolecules and metal ions, the major advantages being the reduced perturbation of the natural sample by the analytical procedure and the low detection limit of these techniques [1] . Both the shift of the half wave potential or the decrease of the limiting current can be suitable to obtain the stability constants. However, the determination of the binding curves from voltammetric data encounters some difficulties, among which the indirect determination of the free metal ions J corresponding to the total metal, the total ligand and the reduced metal, plus the algebraic equation coming from the equilibrium relationship that arises from full lability. Although finite difference schemes are applicable in this case, finite element methods (FEM) have also been applied [8, 10, 13] , the major advantage of these latter techniques in the present problem being the natural use of unequal spatial grids, adapted to the physical viewpoint of the problem.
Recently, a discussion of the effects of ligand and complex adsorption on the limiting currents of the pulse polarographic techniques has been published [10] . For labile systems, no influence on the limiting RPP current can be found from complex adsorption, and if the ligand concentration is chosen for maximum sensitivity, the remaining effect of the ligand adsorption in limiting RPP currents leads to a bias in the stability constant, determined from the limiting current at zero metal concentration, less than 14%, provided that the complex and ligand are 20-fold slower than the metal.
Moreover, for the case without adsorption, reference [10] suggests that limiting NPP currents do not differ from limiting RPP currents. So, the simpler expressions developed for NPP limiting currents can be used for the interpretation of results obtained from both techniques, even in systems with adsorption phenomena provided that limiting RPP currents are recorded.
The aim of this work is to point out that, for any ligand to metal ratio in labile metal-macromolecular complexation, the current produced in a potentiostatic step (e.g. presented in section 7 and tested with experimental data from Zn / poly(methacrylic) acid.
Mathematical formulation
Let us consider the simple binding scheme in which an electroactive metal ion (M) forms a complex (ML) with a ligand (L) . When complexation and electron transfer kinetics are fast enough, equilibrium relationships for both the homogeneous reaction and the heterogeneous electron transfer processes can be assumed. This problem can be depicted as
with K being the stability constant for the complexation reaction b g (2) The assumption of instantaneous adaptation of c ML to the equilibrium relationship is known as fully labile behaviour and allows a gradient of ML to develop close to the electrode when a step is applied. We assume that the diffusion coefficient for the metal in solution (D M ) is much greater than the diffusion coefficient for the complex or the ligand, whose common value is labelled D L Scheme (1) can also be seen as the reduced formulation [7, 14] of a fully labile macromolecular system, with all the macromolecular species having the same fixed number of independent and homogeneous sites and the same diffusion coefficient [15] .
In this case, c ML is the concentration of bound metal, c L the concentration of free sites and D L is the diffusion coefficient of any macromolecular species.
When there is neither complex nor ligand adsorption and L and ML have the same diffusion coefficient, it can be seen [10, 11] that, irrespective of the technique, c x t c x t c x t c c c
(where the asterisk superscript denotes bulk concentrations) since boundary conditions are fulfilled by the initial distribution of total ligand concentration and, at no time, there is any physical phenomenon modifying the total ligand concentration at any point.
Assuming planar symmetry, the total metal diffusion can be written as
J and the diffusion of the reduced metal M 0 (either inside the amalgam or away from it, which is irrelevant in planar geometry) as
arising respectively from a metal flux balance and from the electrochemical Equations (2)- (9) determine the four unknowns c M , c L , c ML and c M 0 . In previous work [4, 8, 10, 13, 16, 17] dealing with several pulse polarographic techniques, we have solved numerically the system of equations (2)- (9) using the Galerkin finite element method [18] . Here, we adopt a very different approach.
Equations (11)- (15) determine the unknown functions c M (z), c ML (z) and c M 0 (z).
Thus, the original system (given by eqns. (2)- (9)) has been successfully re-formulated using only the z variable provided that δ is kept constant (dc experiment), thus in ref. [24] ).
Moreover, the profile of c M in terms of z summarises any profile in terms of x at any time, i.e., any profile of the metal at any time collapses, by means of the change of variable, into this unique profile c M vs. z which can be seen as the profile in terms of x at t = 1s. The collapse of the metal profiles (obtained via FEM calculation under limit J diffusion conditions) for different times and spatial positions into a unique profile is illustrated in Fig. 1 . This correspondence of profiles also holds for any other species.
Through the equilibrium relationship (2) and equation (3), c ML can be written in terms of c M . Then, the only remaining differential equation (12) can be expressed in terms of only one unknown, such as c M . But, for purposes that will be seen below, it is convenient to consider the product K c z M b g as the unknown function. Multiplying (12) by K, one obtains
The bulk boundary condition (13) and the initial condition (6) become
Recast in terms of K c M and z , the remaining boundary condition (14) becomes
where (15) has been used.
Thus, the problem has been reduced to solving just the non-linear ordinary differential equation (16) subject to the boundary conditions (17) and (18) . Once K c z M b gis known, any other characteristic of the system can be computed, such as the concentration profiles or the current. In the latter case, we write the x-gradients of c ML and c M in terms of the z-gradients of K c z
One necessary condition for re-writing the differential equation in terms of just the new variable is that the boundary conditions cannot be time dependent (see ref. [21] , page 38). For instance, adsorption processes at the electrode will generally prevent such change, one obvious exception being such a strong adsorption that the concentration of the adsorbate at the electrode falls to zero permanently. In the framework of the present work, the requirement of time independent boundary conditions means that δ in (15) In other pulse polarographic techniques (such as DPP), the change of variables will be possible only during the first pulse. Usually this is the longest interval, lasting almost all drop life, so a great saving of computing time and resources will be obtained if this change of variables is used for the first period. Finite differences or finite element methods could then be used for the rest of time.
Numerical solution
Among the methods available to perform a numerical integration of an ODE, we have used a shooting method [25] to solve equation (16) with boundary conditions (17) and (18) .
The calculation starts by introducing a first trial for K c M (0), which is used to find, through (18) , the corresponding trial for the gradient of K c M (z) at z=0. With both trial values, numerical integration of (16) As an example, an NPP wave obtained using this method is plotted in Fig. 2 .
The typical behaviour corresponding to excess of metal is observed: the first wave which develops around E 0 corresponds to the reduction of free metal before a noticeable reduction of the complex (through the instantaneous dissociation assumed in eqn. (2)) takes place. A detailed discussion of NPP and RPP waves obtained for any ligand to metal ratio with the finite element method is given elsewhere [8, 10] .
Properties

The current is cottrellian
The values of c M and its x-gradient, at a given x, depend on t (see Fig. 1a ).
However, the value of c M and its z-gradient, at a given z, is unique (see Fig. 1b ). If x = 0, it follows that z = 0 regardless of the time and, so, there are unique values for c M and its J z-gradient at z=0. Thus, equation (19) proves that the current has cottrellian behaviour (i.e. depends on time as t -1/2 ), which is equivalent to the property given in page 37 of reference [21] .
φ dc and φ
, ε and δ.
The normalised current φ [2] can be obtained dividing (19) by the current obtained when there is only metal [24] . We have,
where δ, given by equation (9), depends on the potential E applied during the pulse and c T,M stands for the total metal concentration c c c
normalisation, the cottrellian time-dependence has cancelled out.:
Moreover, K c M (z) and its z-gradient at z=0, depend on the parameters affecting the differential equation (16) and its boundary conditions (17) and (18) . It is clear that in (16) and (17) 
, , c h .
Limiting NPP current
The limiting NPP current can be deduced as a particular case of the general framework developed above by restricting ourselves to the case where the potential becomes so negative that the arrival of M to the electrode is diffusion limited c t t c t t
Thus, the only difference in the solution of (16) is the simplified form of the boundary condition replacing (18) , which now reads K c M 0 0 b g = and, so, the previous properties hold:
i) The limiting current is cottrellian ii)
The equality of the limiting NPP and RPP currents is a well known result for a single diffusing electroactive species (or equivalent systems such as the excess ligand conditions) in planar geometry [24] . But the equality might not hold in other conditions.
For instance, it is also well known that the equality does not hold in spherical geometry (see [26] and references therein) or in the presence of adsorption [10, 27] . 
because only the pulse time t p is relevant in the NPP expression (without adsorption).
We point out that c M 0 (0) could be written as c t t 
In another drop, to measure I RP , the first potential step is extremely negative.
During its application (0<t<t 0 ), the typical erfc functional dependence for c M 0 holds. At 
and so the limiting RPP current is
which equals the limiting NPP current (23) heterogeneous, interaction between neighbouring sites, etc.
We highlight that, due to the restricted impact of adsorption on RPP limiting currents [10] , the result obtained in this section suggests that one can estimate J parameters of the system measuring I lim,RPP and processing the data as if they were from I lim,NPP without adsorption.
6. Iso-φ φ φ φ diagrams
Definition
The reduced dependence of φ lim (either in an NPP or RPP experiment) on just 3 parameters indicates the convenience of a new kind of representation, which could be called an "iso-φ diagram", where ε is a fixed constant and level curves for φ are reported in terms of the 2 remaining parameters in a contour plot. Although iso-φ diagrams could also be drawn with NPP currents for each fixed potential (i.e. δ) and ε,
here we restrict ourselves to limiting currents to take advantage of the equality with limiting RPP currents. 
applies. As can be seen in Fig. 3 , the transition of φ from the excess ligand value given by (27) As pointed out above, there is an iso-φ diagram for each ε. Comparison of the diagram for ε=0.0685 ( Fig. 3) and for ε=0.25 (Fig. 4) indicates that higher ε-values
give rise to higher normalised currents for a given couple [ c T,M * , c T,L * ] and, thus, the range of variation of φ is narrower although the global pattern of the level curves is the same. In order to find z 0 , we notice that the continuity of c T,M implies
The limit of high stability constants
which, using (30) PMA with Zn, using the methodology, chemicals and apparatus of previous works [10] .
The pH was kept close to 6 by convenient addition of 0.05M KOH solution, when necessary [30] . Fig. 6 shows an example of the application of this graphical method with the iso-φ diagram corresponding to ε = 0.06 (value given for Zn -PMA in ref. [10] ).
The experimental measurements recorded in Table 1 Table 2 ). The subtraction of the abscissas or the ordinates of these intersection points from the interpolated experimental points provides values for log (K) (which are summarised in Table 2 ). The average value, log (K/mM -1 )=1.16±0.06, is in good agreement with previous results, log (K/mM -1 )=1.20±0.02, where a different procedure was employed ( [10] ).
Instead of the graphical method (which furnishes a quick estimate of the log (K)) a numerical approach can be applied by fitting K in (16) so that the normalised current obtained with (22) (through the iterative method explained in section 4) reproduces φ exp .
By processing data contained in the 3 first columns of Table 1 (log ( c T,M * ), log ( c T,L * ) and φ exp ), we obtain for each row, a log K-value. Their average value also is log (K/mM J the K-value. Moreover, it must be pointed out that when the experimental φ-value increases, the iso-φ diagram warns us that the determination of the K-value becomes more inaccurate, because the iso-φ curve tends to be almost diagonal. In this case a small error in the location of the interpolated experimental iso-φ value leads to a far away intersection point due to the small difference in the slope of both intersecting lines: the target level curve and the line of unity slope passing through the experimental point log , log
c h c h . So this graphical method could also be useful for the experimental design in order to achieve good sensibility for K.
Conclusions
It has been shown that the spatial and time dependence of the concentration profiles in a dc experiment of an electrochemical reversible system with labile complexation for any ligand to metal ratio reduce to just a combined dependence in terms of x t when homogeneous initial conditions and semi-infinite diffusion hold.
This combined dependence enables the use of a change of variables which transforms the partial differential equation that models the behaviour of the system into an ordinary differential equation allowing a great save of computational time in the calculation of the current. Standard numerical methods can then be used to compute the concentration profiles and the current, or alternatively, to fit the stability constant K from an experimental φ value.
Some general properties of the dc currents have also been pointed out: The intersection between each discontinuous line (starting from the interpolated point and with unity slope) and the level curve having the same φ value as the interpolated point is shown with marker (Ý) and a capital letter (A, B, C or D). (16) and (22), as explained in section 4. Table 2 Estimated log(K) values (graphical method, see Fig 6) , using data given in table 1. 
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